Mesial temporal lobe epilepsy (mTLE) is one of the most common forms of epilepsy, characterized by hippocampal sclerosis and memory deficits. Injection of kainic acid (KA) into the dorsal hippocampus of mice reproduces major electrophysiological and histopathological characteristics of mTLE. In extracellular recordings from the morphologically intact ventral hippocampus of KA-injected epileptic mice, we found that theta-frequency oscillations were abolished, whereas gamma oscillations persisted both in vivo and in vitro. Whole-cell recordings further showed that oriens-lacunosum-moleculare (O-LM) interneurons, key players in the generation of theta rhythm, displayed marked changes in their intrinsic and synaptic properties. Hyperpolarization-activated mixed cation currents (Ih) were significantly reduced, resulting in an increase in the input resistance and a hyperpolarizing shift in the resting membrane potential. Additionally, the frequency of spontaneous excitatory postsynaptic currents (sEPSCs) was increased, indicating a stronger excitatory input to these neurons. As a consequence, O-LM interneurons increased their firing rate from theta to gamma frequencies during induced network activity in acute slices from KA-injected mice. Thus, our physiological data together with network simulations suggest that changes in excitatory input and synaptic integration in O-LM interneurons lead to impaired rhythmogenesis in the hippocampus that in turn may underlie memory deficit.
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in vitro ͉ interneurons ͉ oscillations ͉ patch-clamp ͉ in vivo M esial temporal lobe epilepsy (mTLE) is the most common form of focal epilepsy in adults, and it is the most common therapy-resistant seizure disorder (1) . Memory problems are common in human and animal models of mTLE, but the mechanisms are unclear (2) (3) (4) . Several animal models have been developed to investigate the cellular and network mechanisms of epilepsy. Kainic acid (KA) causes an epileptic syndrome similar to human mTLE, with sclerosis and structural reorganization in the mesial temporal lobe, spontaneous seizures, and significant deficits in spatial learning and memory (5) (6) (7) . Although impaired hippocampal rhythmogenesis resulting from changes in anatomical connectivity, as well as intrinsic and synaptic properties of neuronal circuits, could contribute to the memory deficits, the behavioral consequences of KA have so far been interpreted solely as a consequence of the KA-induced seizures (7) .
It has been proposed that mTLE is associated with an alteration in the balance of inhibition and excitation in hippocampal networks. Consistent with this hypothesis, impressive changes in the number and connectivity of various types of GABAergic inhibitory interneurons, as well as in the expression of GABA A and GABA B receptors, has been observed both in mTLE patients and in experimental animals (8) (9) (10) . However, recent experimental studies revealed that reduction of inhibition in epilepsy is not uniform but shows a characteristic spatial distribution over the surface of principal cells. Whereas inhibitory input onto the dendrites of the hippocampal pyramidal cells is reduced, it is preserved on the perisomatic domain (10-12). Furthermore, imbalance of inhibition and excitation may emerge in the temporal domain. Interneurons fire rhythmically, phase-locked to network oscillations at theta (4-12 Hz) or gamma frequencies . The activity of various types of interneurons results in precisely controlled rhythmic fluctuations in the excitability of principal cells at multiple time scales (13) . Changes in the finely tuned spatiotemporal pattern of inhibition can lead to an altered rhythmogenesis in the epileptic network. In fact, it has been recently reported that the power of theta-frequency oscillations, prominent both in rodents and humans during spatial navigation and memory tasks (14) (15) (16) (17) , is reduced in KA-injected epileptic mice (18) . The altered oscillatory activity in the hippocampal network may in turn influence the storage of new memory traces and the behavioral performance in hippocampus-dependent tasks such as spatial navigation (14) .
In the present study, we have investigated rhythmogenesis in mTLE in chronic epileptic mice after a unilateral injection of KA into the dorsal hippocampus by using a combined electrophysiological, neuroanatomical, and computational approach. Our results show that theta activity is absent, whereas gamma activity persists in the CA3 region of the ventral hippocampus of epileptic mice both in vivo and in vitro. Analysis of cellular mechanisms revealed that the discharge frequency of the dendrite-inhibiting orienslacunosum-moleculare (O-LM) interneuron, a key player in the generation of theta rhythm (19) , has changed from the theta to the gamma band. The change in the firing frequency is directly related to an increased excitatory input in these interneurons. Thus, our data indicate that a change in the synaptic and firing properties of dendrite-inhibiting interneurons leads to impaired rhythmogenesis in hippocampal networks of this model of mTLE.
Results
The Cellular Structure Is Preserved in the Ventral Hippocampus of the KA-Injected Mice. Morphological analysis 3-4 weeks after the injection of KA revealed profound structural alterations in the dorsal hippocampus. In the CA1, CA3c, and the hilar regions, diminished immunoreactivity for the neuron-specific marker NeuN indicated a significant loss of neurons, and an enhanced immunostaining for the glial-specific marker glial fibrillary acidic protein (GFAP) further reflected a reactive gliosis. In the dentate gyrus, granule cells showed hypertrophy and dispersion Author contributions: T.D. and T.G. designed research; T.D., A.B.T., and T.G. performed research; T.D., I.V., A.B.T., A.G., J.O., U.H., N.J.K., and T.G. analyzed data; and I.V., N.J.K., and T.G. wrote the paper.
[supporting information (SI) Fig. 5B ; refs. 6 and 20] . These morphological changes were restricted to the injected dorsal parts, whereas the ventral hippocampus appeared to be structurally intact (SI Fig. 5 A and B; ref. 8) .
Previous studies showed that the anatomical alterations are not limited to the principal cell population but also affect GABAergic interneurons (8) . In the present investigation, we have focused on the neurochemical marker somatostatin, a neuropeptide expressed by O-LM cells, a type of dendrite-inhibiting interneuron involved in the generation of theta activity (19) . In agreement with previous data, our results showed that immunostaining of somata and axons for this marker were strongly reduced in the dorsal hippocampus (data not shown), whereas in the ventral hippocampus the immunostaining pattern appeared to be largely unaltered (SI Fig. 5 C and  D) . Similar to the distribution in control animals, somata of somatostatin-immunopositive interneurons were primarily found in the stratum oriens, pyramidale, and lucidum of the ventral CA3 area. Quantitative analysis further showed that the density of the interneurons was not reduced in this area in KA-injected animals [440 Ϯ 54 per mm 3 Fig. 1 A1 and A2 ) and epileptic mice ( Fig. 1 B1 and  B2 ). Chronic recordings from the dorsal hippocampus showed recurrent seizure activity in mice between 3-4 weeks after the injection (n ϭ 5, data not shown; ref. 6). These paroxysmal discharges lasted 12-25 s (mean: 18.8 Ϯ 2.1 s, n ϭ 5).
In the ventral hippocampus, no seizures were detected in the KA-injected mice (n ϭ 6), but electroencephalogram activity was less regular and had a larger amplitude than in control mice (Fig.  1B1) , with sporadically occurring spikes and sharp waves (mean frequency: 0.6 Ϯ 0.1 Hz). Spectral analysis of the in vivo recordings during exploratory behavior revealed further differences between control and epileptic mice. In control animals, power spectra showed two peaks corresponding to theta (4-8 Hz) and gamma frequencies (Fig. 1 A2) , reflecting a nested theta-gamma rhythm associated to explorative behavior (21); in KA-injected animals, the peak in the theta-frequency band diminished, whereas the peak in the gamma range persisted in the spectra (Fig. 1B2) . In summary, the in vivo data revealed seizure activity in dorsal hippocampus and an altered rhythmogenesis in the ventral hippocampal circuits of KA-injected mice.
To analyze the changes in oscillatory pattern generation in the ventral hippocampus, we continued our investigations in vitro by performing dual extracellular recordings from acute coronal hippocampal slices (22) . In slices from control animals, a nested theta-gamma rhythm was generated in the CA3 area after bath application of a low concentration of KA (400 nM; n ϭ 8; Fig. 1C1 ) or carbachol (20 M; n ϭ 6; data not shown). The power spectra of the oscillations in these slices showed two peaks corresponding to the two frequency bands (Fig. 1C2) . In slices from KA-injected mice, bath application of the drugs induced no theta activity but large-amplitude, gamma-frequency oscillations [for KA: control, 3.4 ϫ 10 Ϫ4 Ϯ 0.5 ϫ 10 Ϫ4 mV 2 /Hz, n ϭ 8; epileptic, 9.3 ϫ 10 Ϫ4 Ϯ 1.3 ϫ 10 Ϫ4 mV 2 /Hz, n ϭ 12, P Ͻ 0.05 ( Fig. 1 D1 and D2) ; and for carbachol: control, 2.9 ϫ 10 Ϫ4 Ϯ 0.3 ϫ 10 Ϫ4 mV 2 /Hz, n ϭ 6; epileptic, 7.2 ϫ 10 Ϫ4 Ϯ 0.8 ϫ 10
Ϫ4 mV 2 /Hz, n ϭ 6, P Ͻ 0.05]. The power and coherence of gamma activity decreased rapidly along the CA3 area in the ventral direction in these slices ( Fig. 1 E and F) . Thus, the in vitro data confirmed the lack of theta rhythm and revealed altered properties of gamma activity in slices from KAinjected mice, further pointing to an altered rhythmogenesis in the ventral hippocampus of these animals.
O-LM Interneuron-Discharge Frequency Shifts from the Theta to the Gamma Range in KA-Injected Mice. To identify cellular mechanisms underlying the changes in rhythmogenesis, we continued by performing whole-cell patch-clamp recordings from interneurons during induced population activity in vitro. We concentrated on somatostatin-containing O-LM interneurons because of their key role in the generation of theta activity (19, 23) . Morphological analysis of biocytin-filled O-LM cells revealed no differences between control and experimental groups (n ϭ 9 and n ϭ 12, respectively; Fig. 2 A and B) , further confirming the structural preservation of the ventral hippocampus in KA-injected mice.
During network activity induced by puff application of 1 mM KA in control slices, O-LM interneurons fired at a low frequency (Fig.  2C) . Their average firing probability in a gamma cycle was 26.2 Ϯ 4.8% (n ϭ 6), and the mean firing frequency was in the theta range (8.6 Ϯ 4.4 Hz). In slices from epileptic animals, O-LM cells showed a different activity pattern. They discharged on nearly each gamma cycle of the extracellular field oscillations (90.9 Ϯ 3.1%, n ϭ 6), and their mean discharge frequency was shifted to the gamma range (33.8 Ϯ 2.6 Hz; Fig. 2 D1 and D2) . To clarify the mechanisms underlying differences in the firing pattern during gamma-frequency oscillations, we next investigated the intrinsic properties of O-LM cells. The resting membrane potential (MP) of the interneurons from KA-treated mice was more hyperpolarized (Ϫ61.8 Ϯ 1.6 mV, n ϭ 9 vs. Ϫ56.0 Ϯ 1.1 mV, n ϭ 8) and the input resistance (IR) was higher (231.1 Ϯ 14.9 M⍀ vs. 186.7 Ϯ 19.9 M⍀, P Ͻ 0.05) than those from control animals. The apparent membrane time constant of O-LM cells in epileptic animals was slightly, but not significantly, higher (19.9 Ϯ 2.0 ms vs. 15.7 Ϯ 2.8 ms, P ϭ 0.1).
Another difference was detected when the firing properties of cells from two groups current-clamped at the same MP (Ϫ60 mV) were compared during depolarizing current injection (see SI Fig. 6  A and B) . The O-LM cells from epileptic mice exhibit higher firing frequencies in response to small depolarizing current pulses (Յ100 pA).
Because membrane-intrinsic oscillatory properties (24) of O-LM cells are an important determinant of their discharge pattern, we tested whether these properties changed. Interneurons, depolarized near spike threshold by positive current injection (usually Ͻ50 pA), showed a MP oscillation in the theta band in both control and epileptic slices. The oscillatory frequencies were 6.9 Ϯ 1.2 Hz in epileptic (n ϭ 8) and 6.8 Ϯ 1.8 Hz in control O-LM cells (n ϭ 5, P Ͼ 0.05). To evaluate glutamate receptor-mediated synaptic excitation in O-LM cells, we recorded spontaneous excitatory postsynaptic currents (sEPSCs) in slices from control (n ϭ 6 cells) and epileptic mice (n ϭ 9 cells, Fig. 3 ) at a holding potential close to the reversal potential of GABA A receptor-mediated postsynaptic currents (Ϫ70 mV). Analysis of sEPSCs showed that their mean frequency was increased to 173.3% in interneurons from KA-injected animals in comparison with controls (28.6 Ϯ 1.2 Hz vs. 16.5 Ϯ 2.6 Hz, P Ͻ 0.01; Fig. 3 A1, B1, and C) . Whereas decay time was slightly, but not significantly, increased (8.1 Ϯ 0.9 ms vs. 6.4 Ϯ 0.9 ms, P Ͼ 0.05), rise time and amplitude were similar to controls (1.12 Ϯ 0.2 ms vs. 1.12 Ϯ 0.1 ms and 36.7 Ϯ 1.3 pA vs. 38.7 Ϯ 4.4 pA, in epileptic and control cells, respectively, P Ͼ 0.05). Next, we evaluated the frequency of miniature EPSCs (mEPSCs) (Fig. 3 A1, B1, and D) . In contrast to sEPSCs, the mean frequency of mEPSCs showed a decrease in epileptic cells In a complementary set of experiments, the synaptic inhibition of O-LM cells was examined. The properties of spontaneous inhibitory postsynaptic currents (sIPSCs) were not different in control (n ϭ 6) and experimental (n ϭ 5) animals (frequency, 5.6 Ϯ 1.5 Hz vs. 7.9 Ϯ 2.3 Hz; amplitude: 30.4 Ϯ 3.4 pA vs. 34.6 Ϯ 3.9 pA; rise time, 1.1 Ϯ 0.04 ms vs. 1.1 Ϯ 0.11 ms; decay time, 7.0 Ϯ 0.8 ms vs. 8.8 Ϯ 1.4 ms, P Ͼ 0.05). Likewise, no differences were detected in the properties of miniature inhibitory postsynaptic currents (mIPSCs) between the control and epileptic mice (frequency, 2.8 Ϯ 1.1 Hz vs. 3.9 Ϯ 0.5 Hz; amplitude, 18.3 Ϯ 1.9 pA vs. 23.7 Ϯ 3.8 pA; rise time, 1.9 Ϯ 0.1 ms vs. 1.9 Ϯ 0.1 ms; decay time, 13.5 Ϯ 0.7 ms vs. 15.3 Ϯ 0.6, n ϭ 4 and n ϭ 3, respectively, P Ͼ 0.05).
In summary, our data suggest that the O-LM cells in epileptic mice receive an enhanced excitatory and an unchanged inhibitory input.
Enhanced Activity of Pyramidal Cells in KA-Injected Mice. Because O-LM interneurons receive their excitatory drive primarily from pyramidal cells (27) , we investigated whether the increased synaptic input and firing frequency of those interneurons were consequences of an enhanced activity of pyramidal cells. Recordings from pyramidal cells during network oscillation in vitro showed that these cells discharged at a higher frequency in slices from KA-injected mice (8.5 Ϯ 2.3 Hz, n ϭ 4, P Ͻ 0.05) than in control mice (3.4 Ϯ 0.8 Hz, n ϭ 6).
We next evaluated the firing properties of these cells in pharmacologically naive slices to gain insight into the mechanisms underlying their enhanced activity. Similar to O-LM neurons, pyramidal cells from epileptic mice exhibited significantly higher frequencies and a lower threshold for action potential generation in response to small (40-80 pA) depolarizing current injection (control, 0.2 Ϯ 0.2 Hz and 1.2 Ϯ 0.5 Hz, n ϭ 6; epileptic, 2.9 Ϯ 1.1 and 9.4 Ϯ 2.4 Hz, n ϭ 7, upon 40-and 80-pA current pulse given from Ϫ60 mV, P Ͻ 0.05).
Finally, we tested whether subthreshold oscillatory properties of pyramidal cells also changed in KA-injected animals. Pyramidal cells both in control and epileptic slices showed MP oscillations at theta frequencies (control, 6.8 Ϯ 0.9 Hz, n ϭ 6; epileptic, 7.5 Ϯ 0.9 Hz, n ϭ 4; P Ͼ 0.05) in response to depolarizing current pulses. Thus, the increased firing frequency of these cells was not caused by the changes in the intrinsic membrane oscillatory properties but by a reduced current threshold.
Model CA3 Epileptic Network Presents Loss of Theta Oscillations and
Increase in Gamma Power. We next performed computational studies to gain further insights into the results obtained. We constructed a biophysically based model of a CA3 network consisting of pyramidal cells (E cells), basket cells (I cells), and O-LM cells (O cells). In the control network model, each E cell spikes sparsely and randomly at low frequency (3.39 Ϯ 0.24 Hz), whereas the E cell population activity exhibits a clear gamma frequency (see Fig. 4A ). The O cells in the control network spike at theta frequency driven by the E cells, whereas the E cell population interacts with the I cells, generating a weak pyramidal-interneuronal network gamma rhythm (see ref. 28) (Fig. 4A) . The power spectrum analysis of the model local field potential (LFP) of the control network reflects the distinct spike frequencies of the interneuron types, displaying theta and gamma oscillations (Fig. 4A) . Next, we changed the parameters of the control network to create an epileptic network. To represent the increase in the pyramidal cell activity, the epileptic network was given an increase in the E cell drive (enough to make the E cells spike at a mean frequency of 8.66 Ϯ 0.41 Hz). The Ih maximal conductance of O-LM cells was also reduced by 43% in relation to the control network. These two modifications in the parameters were able to make the O cells spike at most of gamma cycles (Fig. 4B) . As a consequence, the power spectrum analysis of the model LFP of the epileptic network shows a loss of theta oscillations and an increase in gamma power, without a considerable change in the peak gamma frequency (Fig. 4B) .
We also simulated the epileptic network without reducing the Ih conductance in O-LM cells, and we observed the same qualitative results as before (data not shown). Moreover, by simulating current clamp experiments in a single O cell, we observed that the increase in the IR induced by lower Ih is not able to compensate for the lower excitability induced by the hyperpolarization of the MP; this is also confirmed by experimental results (see SI Fig. 7) and supported by mathematical analysis of the model (see SI Appendix 1). Therefore, these computational studies suggest that the increase in pyramidal cell activity is the critical change accounting for the experimental results obtained.
Discussion
The principal finding of the present study is that hippocampal rhythmogenesis is altered in an animal model of mTLE. In KAinjected mice, theta oscillations are abolished, whereas gamma activity is enhanced both in vivo and in vitro. O-LM neurons, interneurons critically involved in the generation of theta activity, show an increased excitability, and their discharge frequency shifts from the theta to gamma range during induced network activity in vitro. Thus, our results suggest that a change in the activity pattern of a specific type of interneuron leads to loss of a low-frequency network activity in the hippocampus. Altered rhythmogenesis in the hippocampal circuits may in turn underlie the memory problems in mTLE.
Rhythmic oscillatory activity is a hallmark of network function in various brain regions (29) . Oscillations arise from synchronized activity of neurons and are thought to play an essential role for information processing in neuronal networks (30, 31) . Inhibition and GABAergic interneurons are of critical importance for the generation of both theta and gamma activity (19, 22, (32) (33) (34) (35) and for the coordination of the gamma and theta rhythms (36) . Dendriteinhibiting O-LM interneurons play a pivotal role in driving in vitro theta oscillations, whereas perisomatic-inhibiting basket cells are important for the generation of gamma activity (19, 37) . Theta oscillations have long been implicated in spatial navigation in rodents and humans (14) (15) (16) . In line with these hypotheses, the loss of hippocampal theta rhythms results in spatial memory deficits with a tight correlation between the degree of memory-task impairment and the reduction in the theta activity (14) . Conversely, in HCN1 Ϫ/Ϫ mice, an increased theta activity is associated with an enhanced learning performance in hippocampus-dependent spatial tasks (38) .
An impaired spatial performance has also been observed in KA-injected animals (5). It was suggested that the learning and memory deficits in these animals are direct consequences of the epileptic seizures. However, as our experiments revealed a loss of hippocampal theta network oscillations both in vivo and in vitro, the impairment in hippocampus-dependent tasks may relate to the diminished theta frequency oscillations, rather than to the seizure activity.
Our morphological investigations showed that, in the ventral hippocampus of the KA-injected mice, which is not directly affected by the drug injection, the cellular structure of the hippocampus and the density of somatostatin-immunopositive O-LM interneurons is not changed. Similarly, at the cellular level, morphological analysis of O-LM cells revealed no difference between control and epileptic animals. However, the activity of O-LM interneurons during in vitro oscillations was enhanced, and their discharge frequency shifted from the theta to the gamma band. Detailed electrophysiological investigation further showed that the intrinsic properties, including the resting MP, the IR, and the firing properties, differ between these two groups. Additionally, we have found a reduction in Ih. Changes of Ih may not only influence the intrinsic and firing properties but also the synchronization properties of these cells (39, 40) . A direct consequence of a reduction in this conductance is an increased IR. The increased IR can facilitate the activation and increase the firing frequency of the neurons. However, impaired Ih shifts the MP to more negative values and therefore may result in lowered excitability. Both a prevalent hyperpolarization and lowered excitability (25) and a dominantly increased IR and increased excitability (41, 42) have been reported previously after the blockade or impairment of the Ih conductance. Our experimental and computational data suggest that, in O-LM cells, the increase in the membrane IR is not able to compensate the MP hyperpolarization, so that impairment in an Ih conductance does not account for the increased firing properties of O-LM cells. Conversely, the reduction of Ih may represent a compensatory mechanism in the mTLE model in response to increased excitatory input (43) . Several mechanisms may underlie the Ih reduction, such as a shift in activation curve, a reduced number of channels, and altered cAMP homeostasis (43, 44) . Because the voltage sensitivity, kinetics, and sensitivity to cAMP of HCN channels vary with their subunit composition (45) , one may argue that alteration in Ih may reflect changes in HCN subunit gene expression (44) .
Different possibilities may underlie the observed increases of sEPSCs in O-LM cells from epileptic mice, such as the formation of new functional excitatory synapses, increased probability of synaptic release of glutamate or increased activity of presynaptic pyramidal cells. Indeed, in patients and in experimental models of mTLE, axonal sprouting was associated with the formation of new synapses (46, 47) . However, in the same cells, significant reduction in mEPSCs frequency was detected. The decreased frequency of mEPSC suggests a reduction rather than an increase in the number of functional synapses onto ventral O-LM cells in epileptic animals.
Thus, the increased frequency of sEPSCs onto O-LM interneurons is likely to result from an increased activity of presynaptic principal cells in KA-pretreated animals. In fact, our data suggest that, during population activity, in vitro pyramidal cell activity is enhanced in these mice as a consequence of reduced firing threshold. Furthermore, our simulations show that the increase in the pyramidal cells activity is a necessary and sufficient factor leading to the enhanced activity of O-LM interneurons during network oscillations. In addition, impairment of the Ih conductance, a conductance that limits the excitatory postsynaptic potential (EPSP) duration (48) , will prolong the duration of EPSP and, together with the longer membrane time-constant, may prolong the temporal window for action-potential firing. On a still longer time scale, the experimentally observed persistent increases in excitatory input may have important consequences, limiting the effects of these interneurons in theta generation and nested theta-gamma activity in hippocampal networks.
In summary, the altered firing properties of O-LM cells, in association with their excess excitation and consequently modified dendritic inhibition of principal cells, might lead to the altered network activity observed in both in vivo and in vitro recordings. Because inhibition-based theta frequency network oscillations are crucially involved in spatial memory, the impaired rhythmogenesis in the hippocampus might contribute to the cognitive and memory deficits in mTLE.
Materials and Methods
Experiments were performed on adult C57/Bl6 mice. All animal procedures were approved by the Regional Berlin Animal Ethics Committee (registration no. T0076/03).
In Vivo Experiments. Mice were stereotaxically injected under general anesthesia (350 mg/kg chloral hydrate i.p.) with either 50 nl of a 20 mM solution of KA in 0.9% NaCl or the same amount of saline (control mice) into the right CA1 area of the dorsal hippocampus [coordinates: anterior-posterior (AP), Ϫ2 mm; medial-lateral (ML), Ϫ1.8 mm; dorsal-ventral (DV), Ϫ1.6 mm; ref. 49] . Injection was performed for 10 min by using a 0.5-l microsyringe with stainless steel cannula (outer diameter, 160 m; Hamilton, Reno, NV) connected to a micropump (UltraMicroPump II; WPI, Sarasota, FL), and the cannula was left in place for an additional 2 min to limit reflux along the cannula track. Field potential recordings were done in the stratum radiatum of the CA3 region of ventral hippocampus (AP, Ϫ3.1 mm; ML, Ϫ2.6 mm; DV, Ϫ3.6 mm) by using mono-or bipolar stainless steel wire electrodes soldered on a male connector (Plastics One, Roanoke, VA).
Field potential recordings were collected in freely moving mice during spontaneous exploration and immobility states in the home cage. All recordings were performed at 3-4 weeks after KA-injection (30-60 min/day for 6-8 days) in the chronic phase. Recordings were low-pass filtered at 1 kHz with a custom-made Bessel filter, digitized at 2 kHz by using an ITC-16 A/D board (Instrutech, Mineola, NY), and analyzed using WinTida software (Heka, Lambrecht, Germany). Upon completion of the experiments, histological analysis was performed in all mice after Cresyl violet staining to verify the site of the KA injection, the location of recording electrodes and the typical dispersion of dentate gyrus granule cells (see 6).
In Vitro Experiments. Slice preparation. Coronal slices (450-m thickness) were obtained from ventral hippocampus of control and KA-treated mice. Slices were incubated at room temperature for at least 1 h in a holding chamber and then were transferred to the recording chamber. The solution used during incubation and recording contained 126 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 , 2 mM MgSO 4 , 24 mM NaHCO 3 , and 10 mM glucose saturated with 95% O 2 and 5% CO 2 .
Extracellular field recordings were similar to those described in Gloveli et al. (22) . Detailed information about the whole-cell recordings and measurements of the intrinsic and synaptic properties can be found in SI Methods.
Immunohistochemistry. The slices from KA-treated mice containing the dorsal and ventral hippocampus were collected after experiments for immunohistochemistry (see SI Methods).
Anatomical Identification of Biocytin-Filled Interneurons. Slices with a biocytin-filled interneuron were processed as described in ref. 19 . Subsequently, the cells were reconstructed with the aid of a Neurolucida 3D reconstruction system (MicroBrightField, Williston, VT).
Modeling and Simulations. We used a five-compartment model for the pyramidal cell (E cell) and single compartment models for the O-LM (O) and basket (I) cells (36) . All cells were modeled by using the Hodgkin-Huxley formalism. The model CA3 network consisted of 40 E, 5 I, and 5 O cells. In the network, the synapses were all-to-all, and the following connections were modeled: E-I, E-O, I-I, I-E, I-O, O-E, and O-I. I cells synapse on the somatic compartment of E cells, whereas O cells synapse on the distal apical dendritic compartment of E cells. Detailed information about the model cells and synapses, the model LFP, and numeric and random aspects of this work can be found in SI Appendix 2. The model LFPs were subjected to power spectrum analyses by using standard routines in MATLAB software. All simulations were carried out using the NEURON simulation program (50). 
